From previous studies on cloned yeast ribosomal protein genes we obtained evidence that a large number of them contain an intron [Bollen e_t al.(1982) Gene 18, 29-38]. In the temperature-sensitive rna2-mutant Transcription oT~these genes leads to the accumulation of precursor RNAs at the restrictive temperature. These precursor mRNAs are several hundreds of nucleotides longer than the respective mature mRNAs. The split character of one of these ribosomal protein genes, viz. the gene coding for the major phosphorylated small-subunit protein ST07 was further established by sequence analysis. The intervening sequence interrupts the coding sequence after the second codon and has a length of 352 nucleotides. Genomic Southern hybridizations with a DNA fragment carrying part of the SlO-gene revealed that this gene is duplicated on the yeast genome. The molecular weight of SIO as deduced from the sequence analysis was estimated to be 31462 dal.
INTRODUCTION
Eukaryotic ribosomes contain a large number of ribosomal proteins which either may play some role in ribosomal assembly and maturation or may fulfil specific functions in the translation process.
In recent years attempts have been made to compare ribosomal protein species from different eukaryotic organisms in order to identify possible functional horologies. Though in general the twodimensional separation of ribosomal proteins from various origins give similar results, an effective comparison is hampered by the diversification of the methods applied [see £.£. Ref . 1] . Therefore, a reliable correlation between ribosomal proteins from different cells on basis of their electrophoretic behaviour has to await the adoption of a standard separation and numbering system. Comparativa studies of functional homologies between eukaryotic and prokaryotic ribosomal proteins so far are restricted to the bacterial protein L7/L12 which is involved in EF2-dependent GTPase activity [2] . Several lines of evidences exist that mammalian ribosomal protein L40/L41 [see Ref. 3] as well as the yeast protein L44/L45 [4] are related to L7/L12. In most cases, however, no special function can be attributed to a certain ribosomal protein. Then comparative structural analyses are required to discover at least structural horologies. This approach has been applied for some yeast, rat liver and _E. coli ribosomal proteins [5] . Furthermore, correlations can be made on basis of the nature and the extent of modifications of certain ribosomal proteins. Considerable work has been done on the phosphorylation of the ribosomal protein, designated S6, which is the major phosphorylated 40S ribosomal protein in higher eukaryotic cells [see Ref. 6, 7] . On basis of its rapid and reversible phosphorylation the yeast 40S ribosomal protein S10 almost certainly is the analogue of mammalian S6 [8] [9] [10] .
In a previous report we have described the isolation of a cloned yeast DNA fragment carrying the gene coding for yeast ribosomal protein S10 [11] . The present paper deals with the sequence of this gene. Comparison of the aminoacid sequence predicted by the nucleotide sequence with the primary structure data of rat liver ribosomal protein S6 [12, 13] reveals a considerable homology both at the N-and the C-terminal part of the molecule.
The work presented in this paper forms part of our study on ribosomal protein gene expression in yeast. We recently presented evidence that a number of ribosomal protein genes contain an intron [14] . In this paper we demonstrate by Northern blot analyses of RNA isolated from the temperature sensitive rna2 mutant at both 23° and 36°C, that the primary transcripts from these genes have to be spliced. The location of the intervening sequence within the coding sequence of the S10 gene is presented. In addition we show that the yeast genome contains two copies of the S10 gene.
MATERIALS AND METHODS

Isolation of nucleic acids
Recontinant plasmids pBMCY44, pBMCY89, pBMCY113 and pBMCY138 were purified from Triton treated bacterial spheroplasts by CsCl-ethidium bromide density gradient centrifugation [15] .
PolyA-containing RNA was isolated from the yeast Saccharomyces carlsbergensis S74 and the yeast Saccharomyces cerevisiae rna2 (ts 368") according to a procedure described previously [16] . Yeast DNA was isolated essentially as described previously [17] .
Restriction site mapping
Restriction endonucleases were obtained from Bethesda Research Laboratories or New England Laboratories and used as reconmended by the supplier. Cleavage sites for Taq I, Sau 3A and Msp I were determined by the partial digestion procedure of Smith and Birnstiel [18] . Northern blot analysis PolyA-containing RNA was fractionated on 1.62 agarose gels and transferred to DBM-paper [19] which was then hybridized with recombinant DNA fragments labelled in vitro by nick-translation [20] . Southern blot analysis Total yeast DNA was digested with EcoR I or Hind III. The resulting fragments were electrophoresed on agarose gels, transferred to nitrocellulose and hybridized with nick-translated fragments for 18 h at 60 C in 2xSSC, 0.2? BSA, 0.2* Ficoll, 0.22 PVP, 0.12 SDS, 1 raM EDTA, 0.12 sodium pyrophosphate and 10 yg/ml low-molecular-weight denatured bacterial DNA. Strips were washed in 2xSSC at 60°C (2x30 min) and then in 0.3xSSC at 50°C (2x20 min). DMA sequence analysis DNA sequence analysis was performed using the chain termination method [21] . Single-stranded templates were obtained by transforming JM101 cells with recombinant bacteriophage M13 RF DNA [22] . The M13 vectors used were M13 mp7 [23] or M13 rap8 or M13 mp9 (J. Messing, personal communication). In some cases the sequencing procedure according to Maxam and Gilbert [24] was followed. Each sequence determination was performed at least twice. 
RESULTS AND DISCUSSION
We have previously described the isolation from a colony bank of Hind Ill-generated yeast DNA fragments of a number of recombinant DNAs carrying genes coding for ribosomal proteins [11] . Analysis under the electron microscope of R-loop structures formed between various DNA fragments and yeast raRNA suggested that a number of the cloned ribosoroal protein genes contain an intervening sequence [14] . The recombinant DNAs were used to probe blots of RNA isolated from the temperature sensitive rna2 mutant [25] at both 23 and 36 C and separated on agarose gels. The results of some of these hybridizations are shown in Figure 1 . Hybridization with DNA from pBMCY44 (carrying the genes for S16A and rp28), pBMCY113 (carrying the gene for S10) and pBMCY138 (carrying the gene for L25) [11, 14] , respectively, revealed the accumulation at 36°C (R, restrictive temperature) of complementary RNA molecules several hundreds of nucleotides longer than the mature mRNAs (P, permissive temperature). Obviously, this temperature sensitive strain fails to process precursor mRNAs for S16A, rp28, S10 and L25 at the restrictive temperature. These results are in agreement with data reported by Rosbash et al_. [26] and Fried ejt a]_. [27] . No larger transcript is observed in the case of pBMCY89, which carries the gene for L16. This finding is in accordance with the observation that the synthesis of L16 continues at the restrictive temperature [28, 29] ; apparently no splicing is involved in the maturation of the L16 mRNA.
From the experiments described above we tentatively concluded that the genes for ribosomal proteins S16A, rp28, S10 and L25 are interrupted by an intron of 300-400 nucleotides. Recombinant DNAs were labelled in vitro by nick-translation and hybridized with RNA isolated from rna2 celTs at 23°C (P, permissive temperature) and 36°C (R, restrictive temperature), wt: RNA isolated from S. carlsbergensis.
The structure of the gene coding for S10 was determined by nucleotide sequence analysis. To this end part of the recombinant DNA pBMCY113 was characterized further by cleavage with several restriction endonucleases. The resulting fine map within the physical map of the insert reported previously [14] , is depicted in Figure 2 . The position of the S10 gene was established by R-loop analysis under the electron microscope [14] . The following subfragments were cloned into the bacteriophage M13 (see Fig. 2 ):
a. a 440 nucleotide fragment generated by digestion with EcoR I (designated as EE440) was cloned into vector mp7;
b. a 395 nucleotide fragment generated by double digestion with EcoR I and Sau 3A (designated as SE395) was cloned into the vectors mp8 and mp9;
c. a 880 nucleotide fragment generated by digestion with Sau 3A (designated as SS880) was cloned into the vector mp9.
Sequence analysis was performed according to the strategy outlined in Figure 2 . In order to identify the yeast S10 coding sequence we took advantage of the suggested homology between S10 and rat liver ribosomal protein S6 [8] [9] [10] . Within the EE440 fragment we found a nucleotide sequence from which an aminoacid sequence could be deduced showing strong similarity with the N-terminal part [12] of the corresponding rat liver protein (of. Figs 3 and 4) . However the codons for the N-terminal methionine and lysine residues were not found to be adjacent to the remaining N-terminal part of the sequence (aminoacid 3-33). Since on basis of the above mentioned results we expected an intron within the S10 gene of about 400 nucleotides, we also determined the nucleotide sequence in the large EcoR I-Hind III fragment (see Fig. 2 ) from the EcoR I site to the right. We looked for the sequence ATGAAGGT which would comprise both the N-terminal codons and the consensus 5'-splice junction [30] . The searched octanucleotide was found at a position 24 to 31 nucleotides upstream from this EcoR I site. The complete nucleotide sequence of the S10 gene is given in Figure 3 . The length of the intron is 352 nucleotides which is compatible with the extra length of the precursor mRNA as compared to mature mRNA (cf. Fig. 1) . The sequences at the 5' donor and 3 1 acceptor splice sites are consistent with the consensus rule made for intron-exon boundaries [30] . Both with respect to these sequences and the position of the introns within the genes, a striking similarity is observed for intron-containing yeast genes investigated so far. Figure 5 indicates that in all cases the coding sequence is interrupted at the very 5' site of the gene. The 5 1 exon of the S10 gene contains the sequence for two aminoacids in addition to a leader sequence (to be determined). Within the reading frame in the intervening sequence a (TGA) stop codon is soon encountered which seems to be another common feature of intron sequences (unpublished results). The sequence homology between yeast S10 and rat liver S6 is illustrated in Figure 4 . At least 18 out of 33 aminoacids at the amino end of the proteins are identical, whereas another 5 residues are functionally identical.
The coding sequence of the S10 gene ends on the SS880 fragment (see Fig. 2 ) with a TAA stop codon at nucleotide 182-184 from the right-handed Sau site. The S10 protein therefore contains 236 aminoacids and has a molecular weight of 31.462 dal.. The latter value is close to the molecular weights of mammalian [31] and Xenopus oocyte S6 [32] .
Recently, from rat liver ribosomes phosphorylated in vitro the cAMP dependent phosphorylation-site of protein S6 was isolated [13] . This phosphopeptide turned out to have the characteristic primary structure:
Arg Leu Ser Ser Leu Arg.
A similar aminoacid region is observed at the C-terminal part of the yeast S10 protein molecule (Fig. 3 bed communication) revealed a homology block of 10 nucleotides -CATTAATpGA -at positions -33 to -43 and -45 to -55 respectively. The determination of the 5' flanking sequences of other ribosoraal protein genes has to be awaited however, before any solid conclusion can be drawn with respect to the significance of this block. Concerning the codon usage within the S10 gene it is noteworthy that a high preference is observed. Actually almost the same codon bias is seen as has been described for strongly expressed genes like alcoholdehydrogenase and glyceraldehyde-3-phosphate dehydrogenase [33] . An exception can be made for the Arg-triplet CGU which was never used in the synthesis of the other proteins [33] . Preferred triplets tend to be homologous to the anticodons of the major yeast isoacceptor tRNAs [33] , which allows rapid and efficient translation of the respective mRNAs. Ribosoroe formation requires a continuously high level of ribosomal protein synthesis. Thus, an effective though regulated translation of ribosomal protein mRNAs is necessary.
